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Application of Solidification Theory to

Rapid Solidification Processing

1. Technical Report Summary

This semi-annual technical report for ARPA Order 3751 covers the

period October 1, 1981 to March 31, 1982. Significant accomplishments

during that period were achieved in the following areas:

Extended Solid Solubilities -- for Produetion of Alloys with New

Compositions and Phases

o At high growth rates in Ag-Cu alloys, microsegregation-free

single phase structures were obtained for all compositions

investigated, thus confirming that extended solid solubility

could be obtained completely across the phase diagram in this

alloy system.

0 It was found that the solidification velocity required to produced

this single phase structure was lowest for dilute alloys and

alloys near the eutectic composition, consistent with theoretical

predictions.

o At intermediate growth rates, for Ag-Cu alloys with 9% Cu or greater,

structures consisting of alternate bands of segregated and

segregation-free material were obtained.

Interface Stabillt -- for Production of More Homogeneous Alloys

o Influence of trace impurities on interface stability during

solidification of dilute Al alloys was analyzed and strong

destabilizing effect for some elements was found.

o Structural variation with composition which cannot be explained

in terms of conventional cellular patterns was observed in

in Al-Mn alloys.
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O Electron beam surface melting procedures were developed which

allow the formation of continuous deep rapidly solidified

layers.

Interface Kinetics -- for Production of Alloys with Finer Segregation

o A theory was developed to predict the effect of interface

attachment kinetics on the growth rate of dendrites in supercooled

metals.

o A kinetic coefficient equal to 200 cm/(sK) was estimated for

pure nickel from the sound speed; this value provides a good fit

to dendritic growth data at high velocities.

Prevention of Cracking Caused by Residual Stress -- for Production of

_Alloys with Improved Surface Structures

o Response of three different types of etals to the residual

stresses developed during electron beam surface mlting was

characterized.

Task Objective

The objective of this work is to develop guidelines based on kinetic

and thermodynamic solidification theory for prediction and control of

rapid solidification processes. In particular, segregation effects and

rules governing the formation of equilibrium and non-equilibrium phases,

including metallic glasses, will be investigated. Areas where significant

improvements In alloy properties can be produced by rapid solidification

will be emphasized.

Technical Problem and General Methodology

Rapid solidification techniques make it possible to produce new

types of materials having significantly better properties than conventionally

processed materials. However, Improved predictive techniques and control
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of rapid solidification processes are needed. The current studies are

focussed on the science underlying areas where Improved materials can be

obtained in order to provide such prediction and control. This work is

both theoretical and experimental.

Three major ways in which rapid solidification technology provides

improved materials are:

A. Production of alloys with new coqositions and phases

S. Production of more homogeneous alloys.

C. Production of alloys with Improved uicrostructures, including finer

segregation, and Improved surface structures

The general method followed in this work has been to Identify critical

questions in these three major rapid solidification application areas

where solidification theory, when properly developed and checked by

experiaent, can provide inproved understanding of Itqortant rapid

solidification processes. This understanding then is pursued to provide

guidelines that can be used by alloy producers to obtain new Itnroved

aterials and to select optlnun alloy compositions and processing con-

ditions for rapid solidification applications.

Accomplishments to date on this contract and work In progress In

each of these areas will now be described In more detail.

Sum&ry of Technical Results. Important Findings. Plans and IMplications

for Future Work

In application A, particular success has been achieved during the first

three years of this contract In (1) evaluating conditions which control

critical solidificatfbn velocities for production of netallic glass alloys,
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the velocity region where the distribution coefficient varies strongly

with velociiy, the stability analysis becomes much more complex.

Unfortunately very little information is available concerning the velocity

dependence of k.

As a result of these considerations it is probable that minute

amounts of impurities such as iron account for our observation that

aluminum containing Mn or Ag is less stable than predicted at solidification

velocities of a few centimeters per second but can nonetheless be made

stable at high concentrations by solidifying at velocities which may be

sufficient to produce solute trapping (as produced by melt spinning).

Metallographic analysis of electron beam melt spots on Al-Mn alloys

showed a structural variation with composition which is difficult to

explain in terms of a conventional cellular structure and is suggestive

of velocity-dependent distribution coefficient effects. Conditions

which in a 1% Mn alloy produce a cellular microstructure which is very

strongly lamellar in a longitudinal section produced in an 0.1% Mn alloy

a structure which in the same longitudinal section appears much more like

a three-dimensional network of cells. A complete characterization of

this structure, however, will require simultaneous determination of its

appearance in orthogonal sections. Comparison with the theory of interface

stability including the effects of a velocity-dependent distribution

coefficient is rendered difficult by the absence of any information on

the form of k(v) and the possible influence of minute concentrations of

Impurities.

The most extreme case of a homogeneous metallic solid is the metallic

glass, and we have found that electron beam surface melting can be used

to make relatively thick extensive layers of amorphous materials. This
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study used palladium-copper-silicon alloys in which it is known that

coupled growth of the crystalline phases cannot take place at velocities

of greater than a few millimeters per second. Such sluggish growth kinetics

suggested the possibility that if the electron beam is scanned rapidly

across the surface to produce a single amorphous melt pass, which is

known to be quite easy in this material, then successive overlapping

passes could be used to generate additional amorphous material without

resulting in significant crystallization in the previous passes. Thus

q even though the amorphous material is raised to a high temperature by

successive passages of the electron beam, any crystals which might form

cannot grow more than a few microns before the local region again cools to

ambient temperature.

The strategy used to produce continuous amorphous layers was thus to

start with a crystalline slab 6-8 mm thick, form a line of amorphous

material by a single sweep of the electron beam across the surface, allow

sufficient time for the sample to cool thoroughly, and then sweep the

electron beam across the surface again, offset from but overlapping the

first sweep. The process was continued to generate a strip of any desired

width of overlapping melt passes. The time allowed between successive

passes was 30 or 60 seconds. This time was more than enough to allow the

amorphous material to cool to a temperature close to that of the substrate,

but was kept long to allow sufficient transfer of heat from the substrate

to the water-cooled copper chill plate below it. The individual melt

passes were approximately I mm wide and the offset between passes was

typically 0.5 mm.

Continuous amorphous strips were formed by this process, although

usually with extensive cracking of the substrate as discussed in another

part of this report. Crystals which were present within the melt zones
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K had microstructures indicative of growth radially outward from nucleation

sites, thus indicating that the sweep speed of the electron beam is

significant not because of any possibility of the crystals growing with

this speed but because it determines the time which the local region may

spend at elevated temperature.

Crystallization of previously formed metallic glass by subsequent

melt passes was concentrated near the bottom of the melts with the result

that a continuous layer of glass remained near the surface if the sweep

speed was sufficiently high. Material transport by the moving beam was

extremely prominent in these experiments, with the result that the final

surface was greatly depressed below the original surface in the region

where the melt passes started, and elevated above the original surface by

a corresponding amount at the opposite end.

Using the overlapping scan method, continuous glassy layers up to

200 tn thick without optically visible crystals were formed. This

required sweeping the electron beam across the surface at velocities of

60 cm/sec or more. Further optimization of processing parameters could

result in thicker amorphous layers, since the overlap method has been

shown to work and some glass was formed at depths of over 500 n.

When the same process is attempted with Cu-Zr, very little glass is

formed. Although this is also a relatively easy glass former, when the

melts are several hundred micrometers deep the cooling rates are not

sufficient to prevent the crystals in the substrate from growing up to

the surface in most places.

In addition, attempts to produce a wide strip of thick glassy material

on Pd-Cu-Si by rapidly (several kHz) oscillating the electron beam in the

direction perpendicular to that with which it swept over the surface of
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the slab resulted in amorphous material only along the sides of the strip.

Although no heat flow analysis of this melting mode has been carried out,

it is clear that the attainable cooling rates are slow except at the

edges of the strip or for very thin melts. The overlapping strip method

as described above is thus the most effective way to obtain deep layers

of rapidly solidified material, and it is being applied to studies of

surface layers in crystalline materials, where the transient heating of

the earlier melts Is not as critical as in the glassy naterials.

Theory of Interface Kinetic Effects and Interface Stability

Significant departures from local equilibrium at the crystal-melt interface

can exist for solidification at rapid rates. Perhaps, the highest measured

crystal growth velocities (50 m/s) are those of Ni dendrites growing into

pure undercooled melts as reported by Walker and Colligan and Bayles.

Recent theoretical (Langer and Muller-Krumbhaar) and experimental (Glicksnan

et al.) advances in our understanding of dendritic growth allow accurate

* calculation of the heat transport limited rate of dendritic growth as a

function of melt undercooling. Inclusion of interface kinetics into the

heat transport model of dendritic growth has been performed in collaboration

with Professor David Turnbull to extend the model to high solidification

velocities. We have used previous results on the effect of interface

kinetics on the morphological stability of a solidifying sphere to

calculate the effect of interface kinetics on the dendritic tip radius

and hence the growth rates. An interface kinetic coefficient based on

the estimated velocity of sound in molten nickel provides a good fit to

the dendritic growth data at high velocities as a function of melt

undercooling.
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The details of this research are given in an appendix in a manuscript,

ORelative Roles of Heat Transport and Interface Rearrangement Rates In

the Rapid Growth of Crystals in Undercooled Melts," by S. R. Coriell and

0. Turnbull to be published in Acta Metallurgica.

Prevention of Cracking Produced by Electron Beam Surface Melting and Refreezing

Surface layers of rapidly solidified material can be produced on

bulk metal substrates by pulsed or scanned energy beams (lasers or electron

beams). Such layers may have imroved hardness, wear or corrosion

resistance, or other desirable properties but in many cases the potential

benefits are offset by the harmful effects of the residual stresses

developed during the surface melting process. The origin and the effects

of these stresses are essentially the same as those developed during

conventional welding processes, but the magnitude of some of the controlling

parameters such as temerature gradients may be significantly different.

Several deleterious effects can result from the residual stresses

generated during surface melting. The most important can be listed as

follows:

(a) The most severe type of defect arising from surface melting is

cracking, which may occur in the melt zone or the substrate

or both. The prevalenct of this type of defect is dramatized

by the frequent publication of photomicrographs of surface

melts containing conspicuous cracks, when the authors would

presumably prefer to have obtained melts without cracks.

(b) The residual stresses from surface melting can also cause severe

distortion of the substrate. This problem becomes dramatically

clear when one attempts to carry out surface melting of large

areas on relatively thin (less than about S mm thick) substrates.
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(c) The Inhomogeneous nature of the residual stresses can be expected

to provide a multitude of favorable sites for stress corrosion

cracking and other forms of electrochemical degradation.

(d) The fact that surface melting almost always results in a surface

which is in a state of tensile stress means that even if cracks

are not present immediately after solidification, the surface

will still be a favorable site for crack Initiation.

q The Importance of these different effects will depend upon the alloy

being melted, the application for which it Is intended, and the mode of

surface melting which is employed. Because little attention has until

now been devoted to these effects, we have started studies of residual

stress effects with the ultimate objective of Identifying procedures

which may ameliorate or eiminate the problems.

The most practical way to produce extensive rapidly solidified surface

layers on a metal Is to scan an enerw beam over the surface of a material

to produce a continuum of overlapping small weld lines. This mode of

melting can be contrasted to the mode frequently used for laser annealing

of semiconductors, in which a pulsed laser beam melts a wide but extremely

shallow layer on the material surface. In the latter case, the heat flow

Is one-dimensional and residual stresses may be small or absent but this

mode of melting is impractical for most metallurgical applications where

deeper melts are desired.

17
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When a small melt spot is scanned across the surface of a metal, the

deleterious effects mentioned above have their origin tn the thermal

( contraction of the solid material as it cools, and In some cases also in

the change of volume which accompanies solidification. As the scanning

velocity of the melt spot Increases, the heated area surrounding the melt

zone changes in shape and size and the response of the system to the

stresses developed during cooling also changes. Realistic analysis of

the stresses developed during this type of process is rendered difficult

by the temperature dependent elastic/plastic behavior and, especially in

the case of highly alloyed materials, the possibility of large deviations

from euillibrium during solidification. Of particular importance In

surface melting of many alloys are hot tearing phenomena In which cracks

form by the pulling apart of the material in the solute-rich regions

between dendrites or between grains.

For the case of melting by a circular energy spot scanned across a metal

surface, It has been shown (I) that the critical parameters controlling

the melting are qa and Ua/2m, where q Is the absorbed power density,

a is the spot radius, U Is the velocity with which the spot moves, anda Is

the thermal diffusivity. For a stationary spot on a given material, a

critical value of qa Is needed to initiate surface melting and the surface

reaches the vaporization temperature at a higher critical value of qa (2).

The latter condition bears a relation to the development of the deep

penetration mode of welding, which is not generally desired for surface

melting. As a result the range of useful values of qa for surface melting

is relatively narrow, from approximately 2.3 x lOs W/m to 4 x l0 W/m for

aluminum. When the energy spot moves, the melt pool does not differ
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greatly in shape from the stationary spot for Vil. valves less tiAm

Vmlty. Although the shape of the welt pool has not been computed for

US/20)1. It Is Clear that the wlt pool trails increasingly far behind

the moving Spot and that the rear edge becows increasingly pointed. With

IoKreased velocity the welt pool also diminishes in sl and eventually

disappears unless the qa value is siultaneously increased. These Changes

In shape of the wit pool with Increasing velocity lead to changes i toe

residual stress patterns.

Electron bean surface melting by this type of Scanned Circular Mt

produces different residual stress reactions In different alloys, as Is

expected on the basis of elastic/plastic properties and solidification

penm~ena. tn so Caso the reidual stress effects vary signIficntly

with the mit scan velocity. In our esperlmnts, mlts wre carried out

by electronic deflection of a YkV electron beom at velocities from 2 to

100 cm/sec. The free surface and/or polished sections wee eotemied for

evidence of residual stress related defects.

In pure aluminum cracks cannot be generated by either hot tearing

during solidification or subsequent brittle fracture. Instead, this

material responds to the gerated stresses by plastic deformttion, and

If the surface is sufficiently clean an abundance of slip lioes becom

visible. Those slip lines *atend across the surface of the eit tone and

extend without discontinuity Into the mitrix on either side. At high

velocities the slip lines are more prominent and are visible at a

larger distance to the side of the melt path than they are at lower

velocities. It is not clear, however, If this difference Indicates a

greater amount of slip at high velocities, or a concentration of the slip
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lhe constraints imposed by capillarity on the disposal of the heat

released in crystal growth have been evaluated in several recent publications

(-8). These evaluations have increased the accuracy with which the upper

limiting rates of crystal growth (i.e., the heat transport limited rates) can

be computed. The rates of growth of crystals into undercooled metal melts are

thought to approach these upper limiting rates closely, reflecting relatively

high rates of the melt - crystal Interfacial rearrangement processes. In this

q sar heat transport limited regime the displacement, ATi , of the crystal-melt

Interface tceorature, Ti , from the thermodynamic equilibrium temperature, TM,

Is neligible compared with AT a Ts-T, where T is the ambient, i.e., heat

sink, tmerature. However, if the interface moves &T1 must be displaced

from zero by an amount proportional, near equilibrium (Tm>>&Ti) and with the

fraction (f) of interfacial growth sites constant, to the rate, V, of the

observcd motion. 'n particular, (9)
asf AT1V o  T7

where af is the molar entropy of fusion at Ti, f is Avogadro's number, and

kl Is the Boltzmann constant. V is a kinetic constant proportional to the

interfacial rearrangement frequency and f. It can hardly exceed the limit,

which should be of the order of the sound speed vs , imposed by the collision

frequency of atoms or molecules from the liquid onto the interface (9, 10).

Thus

V -v £Sf aT1  (2)

Exposure of the actual aT I and V should be most favored under conditions

where the ambient undercoolings and attendant crystal growth speeds are very

large.
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Perlps the highest measured crystal growth velocities are those of Ni

ad Co Into their pure undercooled melts, reported by Walker (11) and Colligan

sod Bayles (12). In their experiments colums of the bulk melt were undercooled

by varying amounts up to 2S0-3 0 and then seeded at one end. V was determined

from the times at which the freely moving dendrite tip passed thermal sensors

sited along the column.

The growth rates at given mient undercooling. aT. were fairly reproducible

to £T 0.1T*, but scattered widely at h0.1T , presumably because of the

perturbing influence of dynamic nucleation events which frequently accompanied

the rapid growth in this AT regime. The aT dependence of V was approximately

described by:

V 2r A(67)2  (0

-" with A - 0.142 and 0.17 cu/(sec (K)2) for i and Co. respectively. While sti1l

an its parabolic course V in both metals had reached levels near SO meters/sec

at AT 2 0.IT . This velocity would require an interfacial undercooling

aT1 > 0.01ST. since vs in these liquids Is expected to be % 3000 meters/sec.

Therefore it should be substantitlly and measurably less than the calculated

heat transport limited (i.e., AT, a 0) rate.

This paper presents the theory of heat transport l imited crystal growth

as modified to allow for the restraints Imposed by the interface rearrangement

process and Its-application to the assessment of the relative Importance of

heat transport and interface kinetics in the growth of NI crystals in their

pure undercooled melts.
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For an isoihermal dendrite (paraboloid of revolution) with tip radius R

propagating at constant velocity V, solution of the heat flow equation leads

to the relationship

[k L/(LLv)](AT - AT.) p exp(p)El(P), (4)

where p- VR/2 L is the Peclet number, El is. the exponential integral, L

isthe thermal diffusivity of the liquid, Lv is -the latent heat per unit

volume and kL is the liquid thermal conductivity. Equation (4) provides one

relationship between the three variables AT, V, and R. The theoretical work

of Langer and Muller-Krumbhaar (1-2) establishes that a second relationship

can be obtained from morphological stability theory. Further, an excellent

approximation to the more rigorous result of Langer and Muller-Krumbhaar can

be obtained friom considerations of the morphological stability of a grcwing

sphere. Such an approximate theory has been shown to provide an excellent fit

to the extensive dendritic growth data on succinonitrile (5-6). We will use

previous resu.lts on the effect of interface kinetics on the morphological

stability of a sphere to obtain a second relationship between AT, V, and R.

By combining this second relationship with eq. (4), we obtain the dendrite

growth velocity V as a function of bath undercooling AT.

We consider growth into a undercooled liquid of a perturbed sphere of

radius R$. Above a certain radius, perturbations of the form of spherical

harmonics Y~m grow more rapidly than the sphere. From eq. (13) of reference

13, this radius (above which the sphere is unstable) is given by

R m'(R*/2)(l + (M/N)(L + al)) X

(l + [I + 4 (MIN)(L - 1)*,/(l + (MIN)(L + Cl)) 2 ) , (5)
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with

R*= 2TMr/(AT S" (6)

and

Vs 7 (kL/Lv)(ATS/RS)/{l + [kL/(LvpRs)]). (7)

In these equations 14 1 + (1 + ks/kL)Z, N = t-2, L = (z-1)(t+2),. 1 = kL/(LvIlR*),

r = y/Lv, y is the solid-liquid surface free energy, ks is the solid thermal

conductivity and vi = (V/ATi) is the linear interface kinetic coefficient. We

have used the subscript s on V, R, and AT to indicate that these quantities

pertain to the spherical geometry. Eqs. (5-7) are based on the use of Laplace's

equation for the thermal field which, strictly speaking, restricts their

validity to small values of kL(AT - ATi)/[KLLv]; however the time dependent

,.stability analysis of Wey et al. (14) indicates a larger range of validity of

the time independent analysis. Since the radius of the dendrite or sphere is

more than an order of magnitude greater than the nucleation radius R*, we have

neglected any dependence of the bath undercooling on surface tension.

Eq. (5) gives the radius above which the perturbations grow more rapidly

than the sphere itself (see discussion of absolute and relatiVe stability in

reference 13); using this value for the radius seems more reasonable than

using that above which the perturbation growth rate is positive.

In using the results of morphological stability theory for a sphere to

obtain a relationship between AT, V, and R relevant to dendritic growth, it is

necessary to decide the manner in which the sphere (ATs, Vs and Rs) models

dendritic growth. The basic hypothesis is that the dendrite radius is that

for which the sphere is at the stability-instability demarcation and we take R

Rs. Since V is an interface quantity while AT depends in part on the behavior
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far from the interface, it is perhaps more reasonable to require that Vs  V

rather than ATs = AT. We will actually consider both of these possibilities.

We denote as the RV method the case whier R = R and V =V and as the RT..

method the case where R = s and AT = ATs.

The only adjustable parameter is the integer Z which is related to the

form of the perturbation of the sphere. Since t = I and t = 2 perturbations

grow more slowly than the sphere, we require Z -A 3. Presumably, Z should

reflect the symmetry of the crystal, which for a cubic material suggests Z = 4

or 6 although Langer (2-3) has argued for t 5 for a cubic material. For

,= 4 and k1 = ks, eq. (5) reduces to

Rs = {R*/4}83 + 9a1 }{l + [l + 576a,/(83 + 9gal)2]}

". When interface kinetics are sufficiently rapid, i.e., a, 0, R. is proportional

to R* with the proportionality constant dependent on t and ks/kL. For example

for a, = 0, the above equation gives Rs = 83R*/2. We also note that when

interface kinetics are included the dendrite can not be isothermal and eq. (4)

which is based on an isothermal paraboloid of revolution is a reasonable but

not exact approximation. Approximate corrections to eq. (4) hAve been derived

(8).

In the RV method R R s and V = Vs, and we use eq. (7) to eliminate ATs

from eq. (5) and write the right hand side of eq. (5) as a function of R and

V. For a finite rate of the interface process eq. (5) gives a transcendental

relationship between R and V which is solved numerically.- 'Eq. (4) with

a = V/p1 is then solved numerically to obtain V as a function of AT. For

infinite interface kinetics (i.e., v = -), eq. (5) can be solved explicitly,

viz.,
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R2 [2TMrkL/ (LVV)][] + ML/NI.

In the RT method R Rs and AT ATs, and for a given AT, R can be calculated

from eq. (5); eq. (4) is then solved numerically to find V as a function of

AT.

Calculations have been carried out for the growth of nickel dendrites.

The following values of the physical properties were used:

kL =k s = 0.9 J/(cm s K)

KL =.0.155 cm2/s

L= 2350 J/cm
3

y = 0.4 (10-4 ) J/cm
2

TMr = 2.9 (10"5) K cm

vs = 3.0 (l0) cm/s

(VsASflNkBT.I) = 2.0 (1.02) cm/sK

The values of Lv, Tm and the heat capacity of the melt were taken from

the tabulation of Hultgren et al. (15) while the density of Ni at Tm was

set equal to 7.9 gm/cm 3 (16). We found no report of the thermal conductivity

of molten Ni but the listed ks of crystalline Ni was obtained'by extrapolating

.,the results in the tables of Touloukian et al. (17) to Tm. Since these authors

presented arguments that the change in the thermal conductivity of Fe upon

melting is quite small we have assumed that kL = ks for Ni. The reduced,

or scaled, crystal melt interfacial tension, , is defined by

~ (!~)1/3

9 .
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where i Is the molar volume. Studies of the kinetics of crystal nucleation

in undercooled melts suggest (9) that for most metals a > 0.6 at the onset

temperature of measurable nucleation while the theory of Spaepen (18) gives

an upper limiting value = 0.86 at Tm for metals crystallizing to a f.c.c.

structure. For our calculations we have set y = 0.4 x 10-4 J/cm2 corresponding

to the assignment G = 0.7 to Ni. The speed of sound in molten Ni could be

computed from [see Kleppa (19)] the relation

v = (Ba/d)

where B a is the adiabatic bulk modulus and p is the density of the melt.

We know of no measurement of B a of molten Ni. Bundy and Strong (20) report

that the isothermal bulk r-odulus, BT, of crystalline Ni at Tn is approximately

1.1 x 1012 dynes/cm2 and that Ni expands about 6% on melting. Invoking

the Gruneisen relation between B and volume nB , with -. 2 weat-£nV -YG ) wihYG 2 e

estimate BT . 0.85 x 1012 dynes/cm2 for molten Ni at TM. It is likely that BT M* a
exceeds BT by 10 to 15%; thus our assignment vs S 3 x l05 cm/s seems reasonable.

The results of the calculations are indicated by the solid curves in

Figures 1-3 for bath undercoolings of 10-200 K. We have indicated the ex-

perimental data by the dashed line corresponding to Walker's measurements

(11), viz., V = 0.142 (AT)2 in the undercooling range 20-175 K. While data is

available up to 250 K, the scatter becomes very large above 175 K (11).

Colligan and Bayles (12) fit their data with V = 0.28 (AT)1 '8 which yields

higher velocities for aT<30K and smaller velocities for AT>30K than the quadratic

expression. The maximum discrepaicy is a factor of 1.4 at AT = 175 K which

gives an indication of the scatter in the measurements. The calculated curves

in Figs. I and 3 are based on the RV method while Fig. 2 is based on the RT

30



method. Figures'l and 2 give results for three different kinetic coefficients,

viz., p = -, 200, and 40 cm/(sK). The intermediate value of 200 cm/(sK) was

estimated from the speed of sound while the other two values were used to

indicate the sensitivity of the curves to the interface kinetic coefficient.

In Figs. 1 and 2, t - 4 was used; Fig. 3 shows how the value of t affects the

calculated results. The difference between I = 4, 5, and 6 is clearly smaller

than the discrepancy between theory and experiment and the scatter in the

experimental data. For p, = 200 cm/(sK), good agreement between calculated

and experimental values are obtained for large values of AT. The largest

disagreement occurs at small values of AT, e.g., at AT = 20K, the experimental

velocity (calculated from V = 0.142AT 2) is 57 cm/s while the RV method (Fig.

1) gives 16 cm/s and the RT method gives 30 cm/s. While convective effects,

which have been ignored'in calculations, could cause enhanced growth rates, an

estimate of the type developed by Glicksman and Huang (21) indicates that such

enhancement would be insignificant for the range of supercoolings considered.

Better agreement between theory and experiment could be obtained by using

different values of the physical properties. For example, if the thermal

conductivities and diffusivities are doubled or the surface tension is halved,

the velocities at AT = 20 and 200 K increase by 90 and 20%, respectively.

It is of interest to examine the magnitude of various quantities at the

higher undercoolings. For example, for the RV method with t = 4 and

AT = 175 K, the calculated velocity is 5.14(103) cm/s and the tip radius is

1.83 (10"5) cm. Hence, the kinetic undercooling ATi = 25.7 K, the dimensionless

quantity, kL(AT-ATi)/KL LvJ = 0.37, and the Peclet number equals 0.30. The

Gibbs-Thomson lowering of the melting point 2TMr/R = 3.2 K, which is negligible

compared to the total undercooling of 175 K. For the RT method with t = 4

and AT - 175 K, the calculated velocity is 4.28(103) cm/s and the tip radius

is 2.34(10 " ) cm.
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Our calculations show that at the largest undercoolings the growth of Ni

dendrites into their melt is significantly retarded by the resistance of the

Interfacial rearrangement process. For example, at an ambient undercooling

0.1 Tm we calculate that the interfacial undercooling is -. 0.015 T. or 15S of

the ambient. At this large undercooling the measured speed of the dendrite

tip is, within the experimental and calculational uncertainty, equal to that

calculated by assuming that the rate of the interface process is limited only

by the collision frequency of melt atoms with the interface. There is no

evidence for thermal activation of this process.
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Figure Captions

Fig. 1. Dendritic growth velocity of nickel as a function of bath undercool ing.

( Solid curves are calculated for t , 4 for three values of the Interface

kinetic coefficient. Experimental growth velocities are indicated by

dashed line for which V - 0.142 (aT)7.

Fig. 2. Dendritic growth velocity of nickel as a function of bath undercooling

vith the same parameters as Fig. 1. The assumptions of the RV method

and of the RT method are used in the calculations of Fig. 1 and this

q figure, respectively.

Fig. 3. Dendritic growth velocity of nickel as a function of bath undercooling.

Solid curves are calculated for t a 4, 5, and 6 for the estimated kinetic

coefficient of 200 cm/(sK). The dashed line indicates experimental data.
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